We show that the Coulomb interaction between magnetic chains is essential even in the insulating phase pushing the system towards dimerization. The dimerized phase of the spin-1/2 Heisenberg spin ladder is thermodynamically undistinguishable from the Haldane phase, but has dramatically different correlation functions. Its dynamical magnetic susceptibility does not have a sharp single magnon peak near q = π, but shows only a two-particle threshold separated from the ground state by a gap.
An alternative picture of a disordered spin liquid with a Haldane gap, typical for the spin S = 1 chain, is effectively realized when two S = 1/2 Heisenberg chains are put together to form a spin ladder [3] . In the standard model of spin ladders the interchain interaction is the Heisenberg exchange J ⊥ ; in its presence the spinons confine back to form triplet (magnon) and singlet excitations with gaps m t and m s , the triplet branch of the spectrum being the lowest. The triplet excitations contribute a coherent δ-peak to the dynamical spin susceptibility χ ′′ (q, ω) near q = π and ω = m t [4] . In this respect the spin liquid behaves like a conventional magnet with the only difference that here the magnons are "optical", that is have a spectral gap.
In this paper we present an example of a disordered spin liquid where the spectrum has a gap, but there are no coherent magnon excitations. The thermodynamic properties of such a spin liquid, determined by the absolute values of the gaps, are indistiguishable from those for the conventional spin ladder described above (further we shall call conventional spin ladder Haldane fluid). However, the correlation functions of the two systems differ drastically: in the spin liquid we are going to discuss below (a non-Haldane or dimerized liquid), the spectral function of n displays only an incoherent background.
A non-Haldane spin liquid turns out to be a dimerized phase of the spin S = 1/2 two-chain Heisenberg ladder whose Hamiltonian, apart from the direct transverse exchange J ⊥ , also includes a repulsive interchain Coulomb interaction V :
Here ρ π,j are the staggered components of the charge density of each chain. In what follows, we asume that interchain coupling is weak: J ⊥ , V ≪ J .
One may wonder why the charge degrees of freedom should be included at all when considering a magnetic insulator. This can be understood as follows. Consider a onedimensional repulsive Hubbard model. It is well known that at low energies and small momenta the spectra of collective charge and spin excitations are separated. However, the particle-hole excitations with momentum q ∼ 2k F are contributed both by the charge and spin channels. Bosonization provides a transparent way to visualize the charge-spin factorized structure of the staggered parts of various physical quantities.
In particular, the 2k F -component of the charge density is represented as
where Φ c and Φ s are the charge and spin scalar fields.
At 1/2-filling (2k F = π), a Mott-Hubbard charge gap m c is generated [5] ; then in the low-energy region, |ω| ≪ m c , the charge field Φ c is locked due to Umklapp processes, while the field Φ s describing the spin dynamics remains Gaussian and massless [6] .
Replacing then the charge exponential exp(i √ 2πΦ c ) by its nonzero expectation value, we observe that ρ π (x) remains a strongly fluctuating field even in the insulating phase, being in fact proportional to the spin-dimerization operator
Thus, in the critical S = 1/2 Heisenberg chain, there are actually four relevant fields with scaling dimension 1/2, -three components of the staggered magnetization
(Θ s being the field dual to Φ s ), and the dimerization field ǫ(x) (or staggered charge density ρ π (x)), all with the same divergent susceptibilities. (The divergency of χ ǫǫ leads to the well-known spin-Peierls transition upon switching spin-phonon coupling).
It becomes clear that the interchain Coulomb interaction V ǫ 1 ǫ 2 , being as relevant as the transverse exchange J ⊥ n 1 · n 2 , may significantly affect the low-energy properties of spin ladders and, therefore, should be treated in Eq. (1) on the same footing.
It has been shown earlier [4] , [7] that, in the continuum limit, the Hamiltonian (1) decouples into four massive Majorana fields, or equivalently, four decoupled noncritical 2D Ising models 1 , exhibiting the underlying SU(2) × Z 2 symmetry:
The triplet and singlet masses are given as follows:
where a c and a s are nonuniversal constants. The thermodynamic properties of the The components of the total (n + = n 1 + n 2 ) and relative staggered magnetization (n − = n 1 − n 2 ) are given by the expressions:
where σ a and µ a (a = 1, 2, 3) are order and disorder parameters of three, SU(2) degenerate noncritical Ising models corresponding to the massive triplet of the Majorana fields ξ a , while σ 0 , µ 0 refer to the fourth, "singlet" Ising model (ξ 0 ). The Ising representation for total and relative dimerization fields, ǫ ± = ǫ 1 ± ǫ 2 , can be similarly found
The triplet mass determines the deviation of the Ising models from criticality: m t ∼ (T − T c )/T c . The case m t > 0 corresponds to the disordered Ising phase with σ j = 0, µ j = 0 (j = 0, 1, 2, 3), in which the two-point correlation functions are given by [8] 
where A is a nonuniversal parameter, K 0 (x) is the MacDonald function, and r = (x, v s τ ). The leading asymptotics for the spin correlation functions obtained from (6) -(10)
reveal the role of n − which determines the staggered magnetization of the effective S = 1 chain. Since K 0 (|m|r) is the real-space propagator of a free massive boson, n − (r)n − (0) contributes a δ-peak to the imaginary part of the dynamical spin susceptibility
corresponding to a massive triplet magnon. The function F (ω, q) describes multimagnon incoherent background with the threshold at 3m t . At q ∼ 0, χ ′′ (ω, q) is determined by the correlations of slow components of the total (J + = J 1 +J 2 = −(i/2)( ξ× ξ)) and relative (J − = J 1 − J 2 = i ξξ 0 ) magnetization, giving rise to thresholds at 2m t and m t + |m s |, respectively. Similarly, one finds:
implying that the singlet magnon is also a coherently propagating particle, -an elementary excitation of the total dimerization. Excitations of the relative dimerization have a 3m t threshold.
We now turn to the case of strong Coulomb interaction, m t < 0. The change of the relative sign of m t and m s amounts to the duality transformation in the singlet (ξ 0 ) Ising system, implying that in formulas (6) -(8) the order (σ 0 ) and disorder (µ 0 ) parameters must be interchanged. At the same time, since m t < 0, we are now in the ordered Ising phase (T < T c ); therefore the right-hand sides of formulas (9) and (10) should be also interchanged. As a result, the spin and dimerization correlation functions are now given by different expressions:
ǫ + (r)ǫ + (0) ∼ K 3 0 (|m t |r)K 0 (|m s |r),
where C is a constant.
First of all, we deduce from (15) that the new phase is characterized by longrange dimerization ordering along each chain, with a relative phase π: ǫ 1 = − ǫ 2 = (1/2) ǫ − In the decoupling limit, J ⊥ = V = 0, each Heisenberg chain possesses a Z 2 -symmetry: this is the symmetry with respect to the interchange of even and odd sublattices generated by one lattice spacing translation. The interchain coupling lowers this Z 2 × Z 2 down to Z 2 , the symmetry under simultaneous translations by a 0 on the both chains. Thus, the onset of dimerization is associated with spontaneous breakdown of the relative translational Z 2 -symmetry, taking place when the Coulomb interaction exceeds a critical value V c ∼ J ⊥ .
In the dimerized phase the spin correlations undergo dramatic changes. Using longdistance asymptotics of the MacDonald functions, from (14) we obtain:
where ±-signs refer to the case where the wave vector in the direction perpendicular to the chains is equal to 0 and π respectively. We observe the disappearance of coherent magnon poles in the dimerized spin fluid; instead we find two-magnon thresholds at ω = 2|m t | and ω = |m t |+|m s |, similar to the structure of χ ′′ (ω, q) at small wave vectors in the Haldane fluid phase. The fact that two massive magnons, each with momentum q ∼ π, combine to form a two-particle threshold, still at q ∼ π rather than 2π ≡ 0 is related to the fact that, in the dimerized phase with 2a 0 -periodicity, the new Umklapp is just π.
To get a better understanding of the fact that in the dimerized phase the spectral weight of the spin excitations is entirely incoherent, it is instructive to consider the limiting case of a pure "Coulomb" ladder: J ⊥ = 0. Since ρ π,j (j = 1, 2) are scalars in spin space, the model (1) 
The massive Dirac fermions are in fact quantum domain walls (kinks) connecting two Z 2 -degenerate dimerized vacua of the two-chain system with ǫ − = ±|ǫ 0 |. This can be shown by the following simple consideration. A dimerization kink assumes local changes ǫ 1 → −ǫ 1 , ǫ 2 → −ǫ 2 . This is equivalent to simultaneous translations by a 0 on each chain, under which Φ j → Φ j ± π/2. This, in turn, reduces to one of two possibilities:
But √ π is just the period of the cosine potentials in (17). Therefore, a single kink of the relative dimerization is nothing but a quantum sine-Gordon soliton (Dirac fermion) carrying a unit topological charge, either in the (+) or (−) channel. Now, in all physical excitations defined in the sector with zero total topological charge, the solitons can appear only in pairs. Since two or more massive solitons (Dirac fermions) cannot propagate coherently, and since there are no soliton-antisoliton bound states at β 2 = 4π (free fermions!), one has to conclude that there will be no particle-like δ-function peaks in the spectral function of any local physical quantity of the system.
The Haldane fluid is known to be characterized by a nonlocal topological (string) order parameter [9] whose nonzero value is associated with the breakdown of a hidden discrete (Z 2 × Z 2 ) symmetry. This is clearly seen in the two-chain realization of the Haldane S=1 phase where the string order parameter is simply expressed in terms of the Ising order and disorder variables [4] :
Since the Ising systems are noncritical in both phases, it follows from (18) that the string order parameter will be nonzero in the dimerized phase as well.
We conclude by noticing that the point m t = 0, separating the undimerized and 
and the string order parameter vanishes.
Thus we have demonstrated that the Haldane spin liquid is not the only possible phase of a disordered magnet. There is at least one other possibility -the dimerized spin liquid which can be rigorously distinguished from the first one. The distinctive features of the new phase, which can be tested in inelastic neutron scattering and NMR experiments is the absence of coherent single-magnon modes and π-periodicity of the spin excitation spectrum, as opposed to the undimerized phase where the ratio of the energy gaps at q ∼ 0 and q ∼ π is 2. On the border between the two phases one can observe a curious critical phase described by three massless free Majorana fermions.
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